We used voxels of an intensely modified refractive index generated by multiphoton absorption at the focus of femtosecond laser pulses in Ge-doped silica as photonic atoms to build photonic lattices. The voxels were spatially organized in the same way as atoms arrayed in actual crystals, and a Bragg-like diffraction from the photonic atoms was evidenced by a photonic bandgap (PBG) effect. Postfabrication annealing was found to be essential for reducing random scattering and therefore enhancing PBG. This technique has an intrinsic capability of individually addressing single atoms. Therefore the introduction of defect structures was much facilitated, making the technique quite appealing for photonic research and applications.
Microfabrication of femtosecond lasers through the nonlinear processes of photon -matter interactions has recently attracted much research effort. It has been successfully applied to fields such as prototyping by photopolymerization of resins 1, 2 and three-dimensional (3D) optical memory in transparent media. 3 -6 These applications rely on highly localized light excitation and modif ication of material properties induced by two-photon or multiphoton absorption. For optical memory, a reversible (photorefraction 7, 8 ) or a permanent (bond-breaking 3 -6,9,10 ) change of refractive index is induced at the focal point, where voxels of subwavelength or near-wavelength size are recorded. Writing voxels plane by plane in, e.g., silica, yielded a recording density as high as 0.8 Tbits͞cm 3 . 6 Readout based on the differences in refractive indices of voxels and matrices has been demonstrated. 3, 7, 8 If the deposited energy of the laser and the focusing conditions are properly chosen, the voxels will take the form of a well-def ined shapes similar to that of a sphere. After processing of the internal morphology by, e.g., annealing, etching, and (or) change of composition by dye filling, the voxel with a radial refractive-index distribution may possess complete optical functions, such as light conf inement. Therefore in this Letter we term the voxels "photonic atoms." An isolated photonic atom may function as a microcavity, and this is particularly interesting when such atoms are regularly organized. This possibility is attractive when generic crystal structures are concerned, for which the properties of particular atoms and their periodic array determine all aspects of the properties of the materials. If the photonic atoms were arranged in the same way as atoms in crystals, the variation in refractive index would produce periodic modulation of light as Coulombic potential does for electrons. Such structures are actually photonic crystals (PhC's), 11 with lattices directly scaled up from atom point lattices of crystals that exist in nature. Although photonic devices such as f ibers 12 and two-dimensional PhC's made by piling gratings 13 have been reported, the structures that we propose here are more attractive and are better suited for use in for engineering novel photonic materials and in controlling their properties.
In this Letter we report what is to our knowledge the first experimental realization of this idea. Notably, photonic bandgap (PBG) effects that arise from Bragg-like photonic atom diffraction were clearly observed. Postfabrication annealing that was utilized to depress random scattering was found to be essential for the formation of PBG's.
Laser pulses of 150-fs duration and 400-nm wavelength (second harmonic of a mode-locked Ti:sapphire laser) at repetition rates adjustable from 1 to 1000 Hz were focused into silica ͑10GeO 2 :90SiO 2 mol. %͒ by an objective lens (1003; N.A., 1.35). The energy of laser fabrication was typically three times that of the laser-induced breakdown threshold, ϳ0.55 mJ͞pulse. A small portion of the average beam power ͑ϳ1 W͒ was split by a beam splitter and detected by a photodiode, generating pulsed signals to trigger the piezoelectric stage movement. With stage translation synchronized to the laser pulse output, the designed 3D dot patterns were faithfully replicated to matter structures. Figure 1 shows one plane of a simple cubic ͑sc͒ lattice. Nearly spherical voxels with outer diameters of ϳ1.0 mm are recorded by a single shot per voxel. The voxel, as revealed by atomic-force microscopy, is hollow, with a core diameter of approximately 200-300 nm. This submicrometer-sized feature confined at the focal point is smaller than the lateral diffraction limit, 360 nm, of the fabrication laser as estimated by the Rayleigh criterion: v 0 1.22l͞N.A., where l is the laser wavelength. For the electronic bandgap of silica (8.9 eV) and the photon energy (3.1 eV), the electron excitation is a three-photon absorption process. Multiphoton absorption does not play an important role in that process unless the laser field strength becomes comparable with the atomic field strength (typically 10 5 10 8 V͞m). In the current experimental scheme, a highly transient photon f lux that arises from intense compression of the pulses in the time domain (ϳ150 fs FWHM) and tight focusing in the spatial domain (ϳ360-nm waist diameter of a Gaussian beam) gives a field of the order of 10 8 V͞m. Consequently, material was excited to the free-carrier plasma state primarily by multiphoton absorption tunneling, and, partially, by impact ionization during the pulse duration. The highly excited and tightly localized plasma expands in an explosive way before it can transfer the energy to a lattice, generating a hollow core surrounded by a denser phase. Indirect spectroscopic evidence for such a physical process has been presented elsewhere. 9, 10 Because the absorption at a chosen fundamental wavelength was negligible, the laser light could penetrate the surface and was focused at arbitrary sites inside the materials. Photonic atoms can be configured to various lattice points, scaled up from 7 systems, 32 classes, and 230 space groups of generic crystals. The relevant wavelength also shifts from an x-ray waveband to optical and infrared regions. None of currently available techniques that are used for the production of PhC's has such a capability. As an example, we present results from a face centered cubic ͑ fcc͒ lattice, one of the most widely investigated structures. Figure 2(a) shows a point lattice of monatomic fcc crystals. Dots can be written in a random order. Nevertheless, for convenience in programming and in situ observation during fabrication, low-index plane packing is preferred. Both (100) and (111) planes can be used as primitive piling planes, repeated at every second [for (100)] and third [for (111)] layer. Figure 2 (b) is a photograph of one layer (111) plane in a 3D array that is produced by (111) packing. PhC's occupied an area of 40 mm 3 40 mm, and the thickness of the array was 20 mm, which corresponds to seven lattice periods.
After the spots were organized into a photonic lattice as a replica of atomic point lattices, new optical-photonic phenomena were expected; the principal phenomenon is the formation of PBG's. 11, 14, 15 The PBG effects of the PhC as shown in Fig. 2(b) were investigated (samples need annealing, as discussed below) by Fourier-transform infrared spectroscopy. A typical transmission spectrum is shown in Fig. 3  (filled squares) . The minimum transmittance occurred at 3490 cm 21 . Changing the lattice constant caused a synchronous variation of the wavelength of the transmission valley, as predicted by Bragg law, showing that the narrow valley is indeed a result of interatom interference.
We calculated a transmission spectrum to reproduce the wavelength of the experimentally observed transmission dip. For this purpose we used the transfer matrix technique of Bell et al. 14 The difference in refractive index Dn and hole diameter ͑2r͒ was in fitting parameters. As a result, Dn ϳ 0.45 and 2r ϳ 250 nm resulted in good agreement between the measured and the calculated dips. The refractive-index difference of 0.45 is much larger than those achieved by photorefraction techniques, which typically are of the order of 10 24 to 10 23 ͑Dn͞n͒. It should be emphasized that commonly no wavelength-dependent transmission dip is observable in as-fabricated samples (upward-pointing triangles in Fig. 3) . It was observed previously that the local 3 . Measured and simulated transmission spectra (one division on the intensity axis denotes a 10% variation of transmission). Squares, upward-pointing triangles, and circles denote spectra from annealed PhC's, as-fabricated PhC's, and annealed randomly distributed dots, respectively (the latter two curves were offset upward for clarity). The solid curve is from a simulation.
explosion at focal points leads to intense structural modif ications and the formation of material defects 9, 10 ; thus-induced metafeatures (e.g., size approximately tens of nanometers) can result in strong light scattering, which may obscure any potential PBG effects. It has been observed that point defects about the voxels were reduced by annealing and diminished at 700 ± C. 9, 10 The disappearance of defects should be accompanied with a variation of internal morphology of voids, changed to a smoother state. In this research, samples that contained PhC's were annealed at an even higher temperature, 900 ± C, for 30 min. An attenuation of frequency gaps did appear after annealing (squares in Fig. 3 ). The same thermal treatment was performed on samples consisting of randomly distributed dots; no similar band appeared (circles in Fig. 3 ), which shows that the band is not caused by absorption.
The PBG behavior of the photonic lattices implied an ability to guide light 15 if a proper defect structure of photonic atoms, for example, the lattice that was shown in Fig. 1 , where the missing spots form a Y-shaped waveguide, is introduced. If a complete bandgap existed in the background lattice, the light within the frequency range of the PBG would be forced to propagate along the prescribed path because the modes are prevented from escaping into the crystal. Here we emphasize that we achieved this waveguide only by programming (skipping points in the lattice design or shuttering the exposure of specific points) because of the intrinsic capability of the direct laser writing technique used here to individually address single atoms. This technique clearly contrast with some conventional techniques such as self-organization of dielectric spheres (despite the utilization of templates and recent endeavors to develop reverse opal structures 16 ). The ease of defect induction makes the technique even more promising for designing 3D optical circuits, especially in transparent electronic materials, that involve more-complicated photonicoptoelectronic functions.
In future, two problems need to be solved: (i) low filling ratio, that is, a volume percentage of holes that is smaller than that necessary for opening a full bandgap. This problem may be solved by wet etching, as used by Blanco et al. 17 As we recently found that the spot region is chemically active, that region can be selectively etched off by HF acid, for example. (ii) Low dielectric ratio. A utilization of dielectrics with high refractive indices, for example, use of amorphous TiO 2 (n 2.4 2.6; transparent at a 1 cm 21 in 0.43 5.3 mm) and GaP (n ϳ3.1; transparent at a 10 cm 21 in 0.52 7.2 mm), will solve this problem. In conclusion, by utilizing annealed voxels induced by femtosecond lasers in transparent media as photonic atoms, we produced photonic lattices as a replica of atomic point lattices of crystals on scaled-up dimensions. The crystalline order of the photonic atoms was confirmed by pronounced PBG effects.
